Figure 1. Motor Innervation Phenotypes in SemaII and Netrin Mutants
Schematic diagram showing wild-type pattern of innervation of muscles 7, 6, 13, 12, 5, and 8 and abnormal patterns of innervation in various SemaII and Netrin loss-of-function and gain-of-function mutant conditions. Ϫ, null loss-of-function mutant; ϩ, overexpression gain-of-function condition. Anterior is left, and dorsal is at top. (A) Schematic diagram showing abdominal body wall muscles in the Drosophila embryo. The second segment shows Netrin B expression by muscles 2, 6, and 7, Netrin A expression by muscles 1 and 2, and a dorsolateral stripe in the epidermis. (B) Wild-type innervation by ISNb includes the projection of RP3 to muscles 6 and 7, and other ISNb neurons to muscles 13 and 12. The lateral branch of the SNa projects to muscles 5 and 8, while the dorsal branch continues to more distal targets. TN axons do not innervate any of the muscles depicted. Right, patterns of expression of NetA, NetB, Sema II, and Fas II. (C) SemaII loss-of-function mutant shows ectopic innervation by the ISNb to muscle 8 and by the TN to muscles 7, 6, and 13. The SNa projects exuberantly to muscle 5 and sometimes fails to innervate muscle 8. (D) Uniform overexpression of Sema II inhibits TN axons (from the LBD neurons and TN motoneurons) from fasciculating and inhibits RP3 from innervating muscles 7 and 6. (E) Differential overexpression of Sema II on muscle 5 repels the lateral branch of the SNa. (F) In the NetA, NetB loss-of-function mutant, RP3 often fails to innervate muscles 6 and 7. (G) Expressing NetA by all muscles elicits ectopic TN innervation of muscles 7, 6, and 13 and sometimes leads to a failure of the TN to form. (H) Overexpressing NetB by all muscles causes SN stalling as well as ectopic TN contacts onto muscles 7, 6, and 13. in all or specific subsets of muscles. We find that by of ventral muscles (Matthes et al., 1995) and showed that Sema II can inhibit the formation of the synaptic shifting the levels of guidance cues up or down, we can alter target selection. Motor growth cones in this system arbors of the RP3 motoneuron onto muscles 7 and 6. In the present study, we examined SemaII loss-ofassess the relative balance of attractive and repulsive forces provided by NetA, NetB, Sema II, Fas II, and other function mutants with particular attention to the function of the pan-muscle expression of Sema II. We focused unidentified signals and select their targets based on the complementary, combinatorial, and simultaneous our analysis on the well understood and accessible innervation of ventral longitudinal muscles 7, 6, 13, and input of these multiple cues.
12 and neighboring muscles 5 and 8. In embryos lacking Sema II, the muscles appear normal, the overall pattern Results of motor projections appears normal, and many details of motor innervation are normal, including, for example, Sema II Prevents Promiscuous and Ectopic Synapse Formation the innervation of muscles 7 and 6 by the RP3 axon. Nevertheless, specific targeting errors occur. One freDrosophila Sema II is a secreted member of the semaphorin family (Kolodkin et al., 1993) . Previous studies quent class of errors involves ectopic contacts, in which neurons make synaptic contact with their normal targets showed that SemaII mRNA is strongly expressed by one ventral muscle in thoracic segment T3 and more weakly and promiscuous contacts with neighboring inappropriate muscles ( Figures 1C and 2B ). For example, the interby all body wall embryonic muscles (Kolodkin et al., 1993) . We confirmed the pan-muscle expression of segmental nerve b (ISNb) normally innervates ventral longitudinal muscles 7, 6, 13, and 12 and does not proSema II protein using a specific monoclonal antibody. A previous study used a transgenic construct (Tollject further dorsally. However, in SemaII mutant embryos, the ISNb makes its normal contact with muscle SemaII) to transiently increase Sema II levels on a subset (A) Wild type shows normal ISNb and TN projections. Long arrow, RP3 innervation in the cleft between muscles 6 and 7; large arrowhead, the TN. (B) SemaII P1 /SemaII P2 loss-of-function mutant, showing ectopic innervation of muscle 8 by the ISNb (three arrowheads), ectopic TN contacts onto ventral muscles (large arrowheads), and normal innervation of muscles 7 and 6 by RP3 (long arrow). (C) Using Toll-SemaII to overexpress Sema II on ventral muscles prevents RP3 innervation to muscles 7 and 6 (long arrow). (D-F) Three panels showing embryos carrying the Netrin deficiency T9-B118 in (D) an otherwise wild-type genetic background, (E) a SemaII ex59 /ϩ loss-of-function heterozygote, and (F) Sema II overexpression background as driven by the transgene Toll-SemaII. (D) Netrin mutants often lack innervation at the muscles 7/6 cleft (long arrow). (E) Reducing Sema II restores normal RP3 innervation in Netrin deficiency mutants. (F) Increasing Sema II on muscles enhances the lack of innervation to muscles 6 and 7 in Netrin deficiency mutants.
12 and then extends ectopic connections dorsally and dorsal median (DM) cell (Chiang et al., 1994; Gorczyca et al., 1994) . Two neurons located in the CNS, the TMNs laterally onto muscle 8 in 12.6% of segments (n ϭ 222) compared to 1.9% of controls (n ϭ 206).
(Thor and Thomas, 1997), send their axons out distally along the DM cell process. Early in stage 16, the proxiEctopic projections were also observed for the transverse nerve (TN). In wild-type embryos, a peripheral neumally projecting LBD axon meets and fasciculates with one of the distally projecting TMN axons to form the TN. ron, the lateral bipolar dendritic (LBD) cell (Bodmer and Jan, 1987) , located next to muscle 8, projects one axon This occurs near the segment border just adjacent to muscle 7. distally toward the alary muscle and another axon proximally toward the CNS. The LBD's proximal projection Normally, although the LBD and TMN axons contact the ventral longitudinal muscles, they do not synapse is along the surface of a long thin mesodermal cell, the on these muscles. In contrast, in SemaII mutants, the ectopic innervation of ventral muscles (Davis et al., 1997) . If the model is correct, then increasing or decreasaxons in the TN make ectopic projections onto ventral muscles 7, 6, or 13 in 13.5% of late stage 16 segments ing the levels of Sema II should respectively suppress or enhance the effects of increased Fas II. We used the (n ϭ 222) compared to 3.1% in controls (n ϭ 190) ( Figures  1C and 2B) ; these muscles still receive their normal GAL4 enhancer trap line H94 to drive the UAS-FasII transgene specifically in muscles 6, 13, 4, and to a lesser innervation. In most segments, these axons both make these ectopic contacts and also fasciculate with one degree in 12 ( Figure 4A ). As predicted, removing Sema II leads to a significant enhancement of the Fas II overexanother to form the TN, whereas in some segments, they make ectopic contacts but fail to fasciculate. Thus, pression phenotype as measured by an increase in ectopic TN contacts. Conversely, simultaneously overexthe low level of Sema II expressed by ventral muscles provides repulsion to help prevent TN axons from inpressing Sema II along with Fas II reduces the number of ectopic contacts. nervating these muscles.
A related kind of ectopic innervation phenotype is observed for the segmental nerve branch a (SNa). The
Netrins Function as Short-Range Target lateral branch of the SNa normally grows past muscle Recognition Molecules for 5 and then bifurcates, with one branch extending back Specific Motoneurons to synapse on muscle 5 and the other branch extending
The two Drosophila Netrin genes, NetA and NetB, are further laterally to synapse on muscle 8. In SemaII mudifferentially expressed by subsets of muscles (Mitchell tant embryos, the SNa stops abruptly at muscle 5, does et al., 1996) . NetA is expressed by dorsal muscles 1 and not innervate muscle 8, but rather makes an increased 2 and also in a dorsolateral stripe of epidermal cells contact with muscle 5 in 9.2% of segments (n ϭ 229) along the segmental border (near the alary muscle). NetB compared to 0.7% in controls (n ϭ 153) (Figures 1C and is expressed by muscle 2 and also by ventral muscles 3E). Apparently the normal low level of Sema II on muscle 6 and 7 ( Figures 1A and 1B) . The two Netrin genes are 5 is sufficient to repel the axon branch that normally encoded by adjacent loci and can be simultaneously innervates muscle 8, but it does not overcome the atremoved using a very small synthetic deficiency, T9-traction of the axon branch that normally does innervate B118. Embryos carrying this deficiency display defects muscle 5. In the absence of Sema II, both can innervate in commissure formation, with fewer axons crossing the muscle 5. midline than normal. They also exhibit frequent errors We also observed two new SemaII gain-of-function in the dorsal projections of the ISN and of the ventral overexpression phenotypes in addition to the previously projections of ISNb. Specifically, the RP3 growth cone described effect on RP3 innervation (Matthes et al., fails to innervate muscles 7 and 6 in 35% of hemiseg-1995) with the GAL4 system (Brand and Perrimon, 1993) ments ( Figures 1F, 2D , and 5A). Projections of the SN ( Figures 1D and 2C) . A UAS-SemaII transgenic strain are unaffected. The same phenotypes are observed at was crossed to the 24B-Gal4 enhancer trap line (Luo et comparable frequencies in embryos mutant in the gene al., 1994) to generate strong pan-muscle Sema II expresencoding the DCC/UNC-40-like Netrin receptor Frazsion. The levels of Sema II from this combination are zled (Kolodziej et al., 1996) . higher than with Toll-SemaII and result in failure of the Although these data suggest that NetB muscle ex-TN to form. Both branches (the LBD and the TMN axons) pression functions as an attractive targeting cue for the stall and do not enter the region of the ventral muscles RP3 axon, an alternative explanation is that errors in ( Figures 1D, 2C , and 3A). These neurons, like RP3, are the projections of these axons across the CNS midline repelled by Sema II.
indirectly lead to targeting errors in the periphery. HowAdditionally, we found defects in SNa innervation.
ever, the embryonic phenotype can be rescued by transWhen Sema II is uniformly overexpressed using the pangenically reintroducing either NetA or NetB expression muscle 24B-Gal4, muscles 5 and 8 are innervated norby both ventral muscles and midline cells (for NetA, mally. However, if A51-Gal4 is used to increase local 94% of segments, and for NetB, 95% of segments show Sema II expression by lateral muscle 5 and a few cells normal ISNb innervation; n ϭ 68 and 59, respectively), near muscle 8, then the lateral branch of the SNa is while restoring Netrin expression only to the midline and specifically repelled in 45% of segments (n ϭ 94) (Fig- not the ventral muscles is not sufficient to restore muscle ures 1E and 3F). (A51-Gal4 also drives Sema II expresinnervation (60% and 68% for NetA and NetB, n ϭ 74 sion by dorsal muscles 1 and 2, and here, too, we observe and 139, respectively). a local disruption of targeting decisions, phenotypes
We draw three conclusions from this analysis. First, not seen when we drive pan-muscle Sema II expression the function of Netrins in muscle targeting is indepen-[data not shown].) This shows that for specific targeting dent of their function in midline guidance. Second, Netrin decisions, the differential level of Sema II expression on expression is required by muscles 7 and 6 to help recruit neighboring muscles can be more important than the RP3 innervation of these muscles. Third, although only absolute level.
NetB is normally expressed by muscles 7 and 6, either Netrin will suffice. Several observations suggest that the RP3 growth Relative Balance of Sema II and Fas II Controls Synaptogenesis cone requires NetB as a short-range targeting signal rather than as a long-range chemoattractant for guidTo test the model that Sema II prevents promiscuous and ectopic synapse formation, we examined the geance. First, in Netrin or frazzled mutant embryos, the RP3 growth cone makes its normal guidance decisions netic interactions of SemaII and FasII. Increased expression of the IgCAM Fas II drives a dramatic increase in in a timely fashion, exiting the CNS, leaving the ISN with (E) In a SemaII null mutant, the SNa extensively contacts and fails to extend past muscle 5 (small arrowheads); muscle 8 is not innervated.
(F) A51-Gal4 driving UAS-SemaII in muscle 5 specifically disrupts the lateral SNa branch; muscles 5 and 8 are not innervated (small arrowheads).
(G) 24B-Gal4 driving UAS-NetB by all muscles: the entire SN sometimes stalls as a clump of growth cones either within the CNS or in the ventral muscle region (small arrowheads). The SNc often extends for only a short distance and then ends in a clump (long arrow at right) or fails altogether (long arrow at left). When the SN reaches the lateral muscle domain, the SNa often fails to branch (small arrowhead in upper right).
(H) Ectopic NetB in a SemaII loss-of-function mutant background: both the SNa (small arrowheads) and SNc (long arrows) again project normally.
the other ISNb motor axons, and entering the approsegments that lack innervation at muscles 7 and 6; we observe the RP3 growth cone in the correct neighborpriate ventral muscle domain. However, while the other ISNb growth cones innervate their muscle targets, the hood and within filopodial grasp of muscles 7 and 6 ( Figure 6 ). Furthermore, in segments in which muscles RP3 growth cone often does not. The RP3 growth cone can sometimes be visualized in stage 17 embryos in 7 and 6 are innervated, we sometimes observe that this Driven by Netrins and Sema II WT, wild-type Sema II levels; Ϫ Ϫ, null loss-of-function mutant; (A) RP3 innervation of muscles 6 and 7 depends on the expression ϩϩ, strong Sema II overexpression. Hemisegments were assigned of Netrins relative to Sema II. Embryos with or without Netrin, lacking scores of either 0 (no ectopic contacts) or 1 (1 or more ectopic TN or overexpressing Sema II, were examined for RP3 innervation. contacts present). targets ( Figure 6 ). Together, these phenotypes suggest that in the absence of Netrins or Frazzled, the RP3 growth cone makes its normal guidance decisions and Relative Balance of Sema II and Netrins Controls reaches the vicinity of its target muscles, but it then fails the Choice of a Specific Target to recognize its target muscles 7 and 6 in the normal To test the hypothesis that NetB is required by RP3 robust fashion. These local targeting phenotypes are to overcome general Sema II-mediated repulsion, we reminiscent of those observed for the dorsal ISN in emstudied the effects of changing the gene dosage of bryos lacking Netrins (Mitchell et al., 1996) or Frazzled SemaII in Netrin mutant backgrounds. Removing one or (Kolodziej et al., 1996) : the motor axons make correct both copies of SemaII gives dosage-sensitive supprespathfinding decisions and successfully reach the area sion of the Netrin-mediated RP3 phenotype (Figures 2E of their dorsal targets, but then they branch abnormally and 5A). Although embryos deficient for NetB often lack RP3 innervation, embryos lacking both NetB and Sema and wander among these muscles. Fas II) . In the left segment, the innervation in the cleft between muscles 7 and 6 appears normal (long arrow). In the middle segment, the RP3 axon has extended dorsally past and just adjacent to muscles 7 and 6 but then reached back (arrowhead) to innervate them. In the right segment, the RP3 growth cone has extended into its normal muscle domain (short arrow) but has failed to innervate muscles 7 and 6. (B-D) Schematic diagrams showing the projection of motor axons to the ventral longitudinal muscles in wild type (B) and Netrin or frazzled mutant (C-E) embryos. (C) In Netrin or fra mutant embryos, the ISNb leaves the ISN at its normal choice point and enters the ventral muscle domain. All of the other muscles are innervated as normal, but muscles 7 and 6 often lack innervation. (D) In segments lacking normal innervation of muscles 7 and 6, the RP3 growth cone can be observed in the vicinity of and within filopodial grasp of muscles 7 and 6. (E) In some segments in which muscles 7 and 6 are innervated by RP3, the axon has extended past these muscles and then reached back to innervate them.
II show approximately normal RP3 innervation of muscompensated for by simultaneously lowering repulsion. These results indicate that RP3 is sensitive to the relative cles 7 and 6. This result confirms that these two proteins have antagonistic activities with respect to RP3 target rather than absolute levels of these attractants and repellents and that Netrins and Sema II act in an antagonisselection, and it underscores the action of other unknown target-derived molecules involved in RP3 tartic fashion for this motoneuron. geting.
To test this interaction further, we examined Netrin Relative Balance of Sema II and Netrins Controls the Avoidance of a Potential Target mutant embryos carrying transgenes that lead to an increased level of muscle Sema II expression. A direct When NetA is ectopically expressed by ventral muscles, the TN axons extend ectopic projections that innervate fusion of the SemaII cDNA with the Toll promoter drives moderate transient expression in the ventral muscles; muscles 7, 6, and occasionally 13 ( Figures 1G, 3B , and 4B). In extreme cases the LBD and TMN axons do not this genetic strain partially inhibits RP3 innervation (Matthes et al., 1995) . Introducing one or two copies of fasciculate (and thus the TN does not form), but rather both axons turn toward and make inappropriate conToll-SemaII into Netrin-deficient embryos gives dosagedependent enhancement of the RP3 phenotype, retacts with ventral muscles. These ectopic inputs from the TN occur even though the ISNb inputs to these sulting in even fewer innervated segments ( Figures 2F  and 5A) . muscles are normal. This TN ectopic projection phenotype is still evident but less penetrant when UAS-NetB The converse experiment was also performed. A UASSemaII transgenic strain crossed to the 24B-Gal4 enis used instead of UAS-NetA, suggesting that NetB is less attractive to the TN axons than is NetA (Figure hancer trap line generates robust pan-muscle Sema II expression, resulting in a very high incidence of RP3 4B). This is consistent with the fact that the TN axons normally do not innervate the NetB-expressing muscles innervation failures ( Figure 5A ). Simultaneously overexpressing NetA or NetB restores innervation to muscles 7 and 6, but they do grow distally toward the dorsal epithelial stripe expressing NetA near the alary muscle. 7 and 6 in most segments. Thus, the targeting defect caused by increased repulsion can be compensated
As described above, a decreased level of Sema II leads to an increase in ectopic TN innervation of muscles for by simultaneously increasing attraction, just as the targeting defect caused by decreased attraction can be 7 and 6, while an increased level of Sema II leads to an increase in the failure of the TN to form; both branches innervate muscles 7 and 6 ( Figures 3C and 4B) . Thus, the TN serves as a second example in which Netrin and Sema II function in an antagonistic fashion for a potential targeting decision. et al., 1990; Keino-Masu et al., 1996; Kolodziej et al., 1996; Fazeli et al., 1997) .
To test whether Netrin B and Sema II Can Both Be Repulsive
Fra is required for Netrin-mediated attraction and/or Nefor Certain Motor Axons trin-mediated repulsion, we examined the effect of reIn contrast to NetA, the overexpression of NetB on all moving Fra while ectopically expressing NetA or NetB muscles (using 24B-Gal4) has its strongest effect on the on all muscles. When we overexpress either NetA or SN. As this nerve extends dorsally away from the CNS, NetB by ventral muscles, the axons of the TN ectopically its first major branch, the SNc, extends laterally to innerinnervate muscles 7 and 6. We crossed the fra mutation vate ventral oblique muscles ( Figure 3C ). The SNa exinto these genetic backgrounds and observed very few tends further dorsally and then just past muscle 12 disegments with ectopic TN contacts onto muscles 7 and vides into two branches. One branch extends dorsally to 6 ( Figure 4B ), demonstrating that the NetA-or NetBinnervate lateral transverse muscles, while the other exmediated TN ectopic innervation phenotype requires tends laterally to innervate muscle 5 and then muscle 8.
Fra. This genetic suppression is strong evidence supOverexpressing NetB on all muscles has a dramatic porting the role of Frazzled as a receptor mediating the effect on SN pathfinding (Mitchell et al., 1996) . In many attractive activity of Drosophila Netrins. segments the entire nerve stalls, either still within the In contrast, removing Fra has no effect on the NetB-CNS or outside the CNS in the ventral muscle region mediated repulsion of SN axons ( Figure 5B ). Although ( Figures 1H, 3G, and 5B). Overexpression of NetA does these axons normally express Fra (Kolodziej et al., 1996) , not generate this phenotype. Using NetB, the SNa someboth the SNa and SNc remain highly abnormal in its times succeeds in reaching the lateral domain but fails absence. Thus, NetB-mediated repulsion of SN axons to branch. In many segments, even if the SNa extends must act through another receptor that is independent dorsally, the SNc does not emerge as a separate projecof Fra. tion. When the SN terminates early, it does not seek alternative targets, but rather the axons remain clumped Discussion and unbranched, suggesting that the SN axons are repelled by NetB.
In this study, we have used genetic analysis to dissect Ectopically expressing NetB on only a subset of musthe molecular mechanisms controlling the ability of mocles further supports this interpretation. Muscles 5 and tor axons to recognize their appropriate muscle targets 8 are normally innervated by the lateral branch of the in Drosophila. By adding or subtracting Netrin A, Netrin SNa. As seen above with UAS-SemaII, using A51-Gal4 B, Semaphorin II, and Fasciclin II alone or in combinato drive UAS-NetB in muscle 5 specifically repels the tion, we have found that motor growth cones in this lateral branch of the SNa in 51% of segments (n ϭ 200). system appear to assess the relative balance of attracIt often appears to stay fasciculated with the dorsal tive and repulsive forces (Table 1, Figure 7 ) and to select branch and sometimes takes a circuitous path to muscle their targets based on the complementary, combinato-8 without innervating muscle 5.
rial, and simultaneous input of multiple cues. This tarRemoving one or two copies of SemaII while simulgeting system appears to be constructed out of both taneously overexpressing NetB substantially restores broadly and specifically expressed and functionally both SNa and SNc outgrowth and branching, giving a overlapping components that work together to guide nearly normal SN innervation ( Figures 3H and 5B) . Furgrowth cones toward their appropriate targets. thermore, simultaneous overexpression of both Sema II and NetB results in an even greater incidence of stalling Fas II Promotes While Sema II Inhibits ( Figure 5B, black bars) . These results suggest that SN Promiscuous Synaptogenesis growth cones are repelled by both Sema II and NetB Target recognition and synapse formation involves posiand that they respond to the sum of the repulsion from tive and negative regulation. A low level of pan-neural both cues. attraction helps promote synaptogenesis (Fas II) (Davis et al., 1997) , while a low level of pan-muscle repulsion Frazzled Is Required for Netrin-Mediated helps inhibit it (Sema II) (this study). The modest level Attraction but Not Repulsion of Sema II, while not enough to stop growth cones from The frazzled (fra) gene has been proposed to encode a conserved component of a Netrin receptor (Hedgecock exploring their environment, nevertheless provides a connections. For example, the two axons that pioneer the TN normally meet and fasciculate near muscle 7. In the absence of Sema II, these axons often innervate muscles 7 and 6, and sometimes fail to fasciculate with one another. In this case, Sema II provides a repulsive force (from muscles 7 and 6) at a specific choice point, and in its absence, the TN growth cones make a different decision. Similarly, as the lateral branch of the SNa extends posteriorly, one axon branch innervates muscle 5 while another continues posteriorly to innervate muscle 8. In the absence of Sema II, both sometimes stop and innervate muscle 5. In this case, Sema II provides a key repulsive force (from muscle 5) at a specific choice point, and in its absence, the growth cone that usually innervates muscle 8 instead makes a different decision. Both examples show how Sema II can do more than simply sharpen the pattern of innervation; Sema II can also influence specific targeting decisions in a dosagedependent fashion. The Sema II experiments show that the pattern of Selection expression (i.e., the differential levels on neighboring (A and B) Normally, the RP3 motor axon innervates muscles 7 and muscles) can be more important than the absolute level. The netrins were initially discovered as long-range chemoattractants that are secreted by midline cells and threshold that specific attractive signals must overcome that attract commissural growth cones toward the midin order to permit synapse formation.
line (Hedgecock et al., 1990; Ishii et al., 1992; Kennedy Decreasing Sema II leads to an increase in innervation. et al., 1994; Serafini et al., 1994; Harris et al., 1996 ; In the absence of Sema II, we observe targeting errors, Mitchell et al., 1996) . We previously suggested that neusually in the form of additional ectopic connections trins might have another function (Mitchell et al., 1996) , to neighboring muscles, although in some cases we and here we have presented strong evidence supporting observe the absence of the normal connection or inapthat notion. In addition to their CNS midline expression propriate choice point decisions as well. Increasing and function in axon guidance, NetA and NetB are also Sema II leads to a decrease in innervation.
expressed by distinct subsets of muscles where they The modest and dynamic level of Fas II helps adjust function as short-range target recognition molecules. the threshold for innervation. Prior to synapse formation, Genetic analysis suggests that both types of NetrinFas II is expressed at a low level across the entire surface mediated attractive responses (i.e., pathfinding and tarof the muscle, making it permissive for growth cone geting) require Frazzled, the DCC/UNC-40-like Netrin exploration and synapse formation. As the first synapse receptor Keino-Masu et al., 1996 ; forms on a muscle, the Fas II level dramatically plum- Kolodziej et al., 1996) . In contrast, Fra is not required mets over the muscle surface while Fas II clusters under for NetB-mediated repulsion of the SN. the developing synapse (Davis et al., 1997; Zito et al., 1997) . The first successful synapse leads to a rapid Netrins Do Not Function Alone reduction in this general attractant, thereby shifting the in Specifying the Target relative balance in favor of Sema II-mediated repulsion Even though they are expressed by distinct subsets of and thus raising the hurdle over which attractive signals muscles and function as target recognition molecules, must pass in order to promote further synapse formathe two netrins, NetA and NetB, do not act alone in tion. In this way, the innervated muscle becomes more specifying any one of these muscle targets. NetB is refractory to further innervation. Fas II, as a modulator expressed by muscles 7 and 6, but NetB is not the sole of the balance of attraction and repulsion, becomes a attractant used by RP3 to innervate these muscles. In temporal measure of the muscle's synaptic history.
the absence of NetB, in 35% of segments RP3 makes the correct pathfinding decisions in the periphery but Sema II Helps Pattern Specific Connections fails to innervate muscles 7 and 6 properly. However, in While Sema II generally prevents exuberant synapse formation, it can also play an important role in patterning the other 65% of segments it does innervate muscles 7 and 6. Clearly, other unknown cues must play a major of attractive and repulsive forces . role in this targeting decision. One potential candidate for an additional targeting cue is the Ig CAM Fasciclin III (Chiba et al., 1995; Kose et al., 1997 axons, and repels other inappropriate (SN) axons. RP3
Two null alleles of frazzled, fra 3 and fra 4 , were used (Kolodziej et al., 1996) . The 24B-Gal4, Toll-SemaII, UAS-Netrin, and slit-Netrin and TN axons can also be strongly attracted by NetA, stocks have been previously described (Luo et al., 1994; while SN axons are apparently indifferent to NetA. The Mitchell et al., 1996) . UAS-SemaII, a homozygous viable TN axons display a stronger responsiveness to NetA line, was a gift from A. Kolodkin. UAS-FasII is a homozygous viable than to NetB, as judged by the frequency of ectopic strain carrying the PESTϩ transmembrane isoform (D. Lin, unpub- innervation of ventral muscles overexpressing either Nelished data). The Gal4 enhancer trap lines A51, F63, and H94 were trin. This difference may make biological sense, as TN generated in a screen for inserts showing CNS or muscle expression (Lin and Goodman, 1994) . Embryonic transgene expression patterns axons normally extend toward a dorsal stripe of epithewere confirmed by mRNA in situs to NetA, NetB or SemaII, or monolial cells expressing NetA but grow past NetB-expressclonal antibodies to Sema II or Fas II. A51-Gal4 is expressed in ing ventral muscles without innervating them. muscle fibers 1, 2, 5, 18, and 27, and unidentified cells near muscle 8. F63-Gal4 is expressed in the midline glia and in muscles 1, 2, 6, 7, and 16. H94-Gal4 is expressed in muscles 4, 6, 13, and more
Toward a Molecular Logic for Discrete
weakly by 12. The expression is graded from segment to segment, with a peak in A3; care was taken to represent equally all the abdomiTarget Recognition nal segments A2 through A7.
Although we do not yet know all of the molecular signals
Results using UAS-NetA, UAS-NetB, or Toll-SemaII transgenic used for this targeting system, we do know four key inserts were replicated for two or more insertion lines for each gecomponents: the pan-muscle expression of Fas II and notype.
Sema II and the muscle-specific expression of NetA and NetB. Our analysis of these four genes shows that the
